ABSTRACT. A brachypodism (brp) mutation arose spontaneously in the inbred NC mouse strain, producing a phenotype similar to that caused by bp mutation; therefore, it is strongly suggested that brp and bp are allelic. A series of bp mutations are due to defects in the growth differentiation factor 5 (Gdf5) gene. Nucleotide sequence analysis on the Gdf5 gene in NC-brp/brp mice revealed that an irregular insertion of a unit 'GGCAGCC' in exon 2 caused a frame shift leading to a premature stop codon. In addition to the known physiologic roles of brp, I found that brp significantly reduced the litter size. The brp is a novel mutant allele at the Gdf5 gene locus; I would like to name this allele Gdf5 brp . KEY WORDS: brachypodism, growth differentiation factor 5 (Gdf5).
In 1977, Dr. Nobuo Goto and his colleagues at the National Institute of Animal Health (Japan) found two female mice that had brachypodism in all four limbs, within a pedigree of the inbred NC mouse strain ( Fig. 1 and [6] ). Although phenotypically similar mutations had been reported by that time (bp mutations, see below), they tentatively named this mutation brp (brevis phalangia). The brp mutation is inherited in an autosomal recessive mode, and homozygotes (brp/brp) are viable and fertile in both sexes. The brp has been maintained on an isogenic NC background as NC-brp/brp (wild-type NC mice are referred to as NC-+/ + in this paper). On the basis of the phenotypic resemblance to a series of bp mutations [according to the information from Mouse Genome Informatics (MGI) operated by the Jackson Laboratory, http://www.jax.org], it is strongly suggested that brp and bp are allelic. Indeed, both mutations cause shortening of all four limbs and a reduction in body weight, with no other obvious defects [6] . The stylopod and zeugopod (humerus, radius, and ulna in the forelimb, and femur, tibia, and fibula in the hindlimb) in NC-brp/brp are modestly shorter than those in NC-+/+ [6] . Striking abnormalities are observed in the autopod (manus and pes); that is, phalanges excluding the terminal one are underdeveloped, and either the middle or the proximal one is usually lost ( Fig. 1 and [6] ). Further detailed investigation on skeletal phenotypes of the brachypodism mutation has been described by Grüneberg and Lee [7] . The aims in this study were as follows: [i] To ascertain that brp is located on distal chromosome 2, because this is an initial step for substantiating putative allelism between brp and bp.
[ii] To determine and compare Gdf5 cDNA sequences between NC-brp/brp and NC-+/+, because a series of bp mutations have been revealed to date to be caused by mutations in the growth differentiation factor 5 (Gdf5) gene [16] .
[iii] To compare the body weight between NC-brp/brp and NC-+/+. Although earlier studies suggest that bp (brp) has effects on body weight, these studies were carried out on mice with a mixed or ambiguous genetic background [6, 11] . Therefore, it is crucially important to determine the effect of brp on body weight in a solid inbred-strain background.
[iv] To compare the litter sizes between NC-brp/brp and NC-+/+, because I have felt empirically that NC-brp/brp yielded smaller number of pups than did NC-+/+. NC-brp/brp and NC-+/+ strains have been bred and maintained in my laboratory (National Institute of Agrobiological Sciences, Japan). They were maintained throughout the experimental period under specific-pathogen-free conditions with the usual lighting and temperature. The mice had free access to food (CMF, Oriental Yeast Co., Ltd., Tokyo) and water.
For mapping of the brp locus, ♀ C57BL/6J (a/a; B/B; C/ C) × ♂ NC-brp/brp (A/A; b/b; C/C) F 2 mice were produced and analyzed. Of a total of 66 F 2 progeny, including both males and females, 17 exhibited the brachypodism phenotype, and the remaining 49 exhibited a normal phenotype. This was in accordance with the expected ratio of brachypodism (brp/brp): normal (+/?) = 1:3 on the basis of a chisquare test for independence. All F 2 mice were genotyped for microsatellite marker D2Mit285 (86 cM) [bp (Gdf5) is located at 90 cM]. As seen in Table 1 , it was evident that brp is closely linked to this marker locus. Furthermore, of the 17 F 2 mice with brachypodism, 10 had an agouti coat color (A/-; B/-) and 7 had agouti-brown (A/-; b/b). Of the 49 F 2 mice with normal limbs, 26 had agouti, 5 had agoutibrown, 14 had black (a/a; B/-), and 4 had brown (a/a; b/b) coat color. The findings suggested that brp is tightly linked to the bp (Gdf5) locus, because the agouti locus is located at 89 cM on chromosome 2. Most of the mice with normal limbs and with agouti or agouti-brown coat color must be heterozygous for brp. The results further substantiate the probability that brp is due to a Gdf5 gene mutation. Therefore, nucleotide sequences corresponding to the ORF of Gdf5 cDNA from the NC-brp/brp and NC-+/+ strains were determined by direct sequencing of PCR products. The 5'and 3' parts of Gdf5 cDNA were amplified by use of mRNA as templates (a primer set of gdf1f: 5'-ctgcctctgaagacccactc-3' and gdf1r: 5'-ccaacttcacgctgctgtta-3' was used for the 5' part, and a primer set of gdf2f: 5'-caggtccacgagaaagg-3' and gdf2r: 5'-aacctgtagagggggtagtc-3' was used for the 3' part), whereas the mid-parts were amplified by use of genomic DNA as templates (two primer sets of gdf3f: 5'-aagccagggttgaccaaag-3' and gdf3r: 5'-gctggatacacacgctgtcc-3', and gdf4f: 5'-gaaacctcttttgattgggaga-3' and gdf4r: 5'-gagccttgaggttcttgctg-3', were used) ( Fig. 2A) . Genomic DNA was isolated from the tail of mice with a commercial DNA extraction kit (Wizard Genomic DNA Purification Kit, Promega, Madison, WI). Total RNA was isolated from the brain with a commercial RNA extraction kit (RNeasy Mini Kit, QIAGEN Inc., Valencia, CA), and cDNA synthesis was carried out with TaKaRa RNA PCR Kit (AMV) Ver. 2.1 (TAKARA BIO Inc., Shiga, Japan). PCR was performed using AmpliTaq Gold DNA polymerase (Applied Biosystems, Branchburg, NJ). DNA sequencings were carried out by ABI Prism 3700 sequencer (Applied Biosystems). As seen in Fig. 2B , as a consequence of an irregular insertion of a unit 'GGCAGCC' in exon 2, this unit was repeated three times at nucleotides 1118-1138 in the brp allele (double-underlined), and two times (underlined) at nucleotides 1118-1131 in the wild-type allele (nucleotide numbers were based on the reference sequence NM_008109). The insertion caused a frame shift, which produced a premature stop codon (TAA) 27 amino acids later. Four different Gdf5 alleles that arise spontaneously have been described (MGI); that is, bp 3J (Gdf5
bp-3J
, replacement of 'CG' dinucleotide by a single base 'T' at position 876 causes a frame shift, which produces a translational stop at the next codon) [16, 17] , bp J (Gdf5 bp-J , insertion of G into a stretch of three G residues at the position 1444-1448 produces a stop codon 41 amino acids later) [16] , bp (Gdf5 bp , seven bases at position 477-483 of wild-type ORF are deleted, followed by an inversion of 13 bases at position 484-496) [11, 16] , and bp H (Gdf5 bp-H ; this allele is essentially identical to Gdf5 bp ) [10, 13] . Because the nucleotide position of the brp mutation is proximal to that of the Gdf5 bp-J mutation, the amino acid deduced from the brp sequence should be functionally defective; therefore, the observed mutation must be the cause of the brachypodism.
The Gdf5 is a member of the transforming growth factor (TGF-β) superfamily, and therefore is expected to have effects on body weight and growth. Indeed, Goto et al. reported that brp/brp mutants are significantly lighter than normal littermates [6] . In contrast, Landauer [11] reported that, although brachypod males were lighter in weight than their normal sibs, normal and brachypod females showed no significant differences in weight at day 130 after birth. Goto et al. [6] used a backcross progeny between the inbred SS strain, but no strain information is available in Landauer's report [11] . Apparently, it is crucially important to eliminate genetic heterogeneity, and to compare the body weight in a solid inbred-strain background. As seen in Table 2 , at the days 40 and 60 after birth, NC-brp/brp were significantly lighter in weight than NC-+/+ in both sexes. (All weight data were derived from litters in which the dam succeeded in rearing the all pups. The number of pups was adjusted to six per dam at the day of delivery.) Thus, it is correct to say that brp has a role in body weight control in males and females as described by Goto et al. [6] , at least on an NC background. Although Gdf5 is suggested to control the size of skeletal components in the distal part of the limb ( Fig. 1 and [19] ), it is unlikely that the skeletal defect solely accounts for the reduction of body weight in NC-brp/brp. A number of body weight quantitative trait loci (QTLs) have been mapped to distal chromosome 2 in mice [1, 2, 4, 5, 9, 12, 15, 20] , and most of these [2, 4, 5, 9, 12, 15] are related to obesity. Provided Gdf5 is causative of some of the QTLs, Gdf5 will have role in increasing body fat mass and/or body fat percentage, and NC-brp/brp will be leaner and lighter than NC-+/+. Empirically, the litter size in NC-brp/brp appeared to be smaller than that in NC-+/+. Accordingly, I analyzed litter size data from nine recent generations in NC-+/+ and ten generations in NC-brp/brp. Essentially, three nulliparaous females were mated when 60 days old with a male, and at the day of delivery, the number of live pups was recorded. As seen in Table 2 , the average number of live pups in NC-+/+ was significantly larger than that in NC-brp/brp.
Because no extensive stillbirth has been observed in NCbrp/brp pups, Gdf5 may have effects on the ovulation rate. Ovarian follicular angiogenesis is an important physiologic process for the development of ovulatory follicles [21] , and Gdf5 can induce angiogenesis in vivo [8] . Loss of function of one of the angiogenic factors acting in the ovary may result in reduction of litter size. Moreover, another Gdf family gene, Gdf9, is known to be required for ovarian folliculogenesis [3] . Because the TGF-β superfamily comprises more than 20 molecules [14] , putative functional redun- A unit of seven base-pair sequence 'GGCAGCC' is repeated two times in the wild-type allele (underlined), and three times in the brp allele (double-underlined). This insertion causes a frame shift leading to a premature stop codon (TAA, indicated by an asterisk). The mutant brp sequence has been deposited in the DDBJ with an accession number AB259648. dancy may hinder the clearer phenotype by Gdf5 mutation, and therefore the mutant phenotypes of brp/brp as well as bp/bp are modest. Recently, Gdf5 was revealed to be one of the main mediators of activation by bacterial lipopolysaccharide, the major structural component of the outer walls of gram-negative bacteria [18] . At variance with our previous knowledge, Gdf5 thus has multiple physiologic roles in addition to skeletal morphogenesis. Finally, the brp is a novel mutant allele at the Gdf5 gene locus, and I would like to name this allele Gdf5 brp .
